Abstract
INTRODUCTION
The most known and problematic occurrence related to unstabilized water is the phenomenon of "red water" which describes a situation in which a layer of (mostly) iron oxides is detached from the internal surface of metal pipes into the water, which then reaches the consumer's taps with a characteristic yellowbrown-red color. Another well known problem is the deterioration of metal pipes due to slow corrosion. Beyond destroying the pipes, the products of corrosion consume chlorine products, rendering disinfection less efficient, it creates scales on the pipe's surface that increase the energy required for pumping, it supports biofilm growth and may produce suspensions of (mainly) iron particles that result in water that is not appealing to the consumer (Sarin et al., 2004) .
Management of water quantity and quality (i.e., multi-quality) in distribution systems is not new. Optimization models for multi-quality distribution systems addressed so far three major types of circumstances: (1) use of water sources with different qualities in the same system to mix and convey them for agricultural or industrial water needs, (2) concern over quality changes such as decay of disinfectants and/or growth of organisms in drinking municipal networks, and (3) since 9/11 2001 -water security issues associated with deliberate events in which contaminants are injected into the network and distributed with flow.
No study has so far addressed in an explicit hydraulic multi-quality optimal operation model the problem of chemical water instability. This work suggests and demonstrates such a framework through extending Ostfeld et al. (2007) and Lahav et al. (2009) .
CCPP FOR CHEMICAL WATER STABILITY QUANTIFICATION
The calcium carbonate precipitation potential (CCPP) is a quantitative measure of the precise potential of a solution to precipitate (or dissolve) CaCO 3(s) . As such it constitutes an unambiguous parameter that can be used in the context of guidelines or regulations without invoking misunderstanding.
In the USA the typical range for CCPP values that is unofficially required for the stabilization of soft waters lies between 4 and 10 (mg/L as CaCO 3 ) (Merrill and Sank, 1977, Ramond, 1999) . A similar recommendation appears also in the most recent WHO guidelines. Elsewhere, and especially in South Africa where soft waters abound, lower CCPP ranges of between 2 and 5 (mg/L as CaCO 3 ) (Schutte, 2001) , and even between 1 and 2 (mg/L as CaCO 3 ) (de Souza et al., 2002) are recommended.
Selecting the recommended CCPP range is commonly based on the following reasoning: when setting the lower limit for CCPP it should be noticed on the one hand that too-low a value might not be sufficient for providing a driving force for CaCO 3(s) precipitation on the pipe's wall, but on the other hand a too-high CCPP value (for given Ca 2+ and Alkalinity values) requires maintaining a relatively high pH value, which might render chlorine disinfection less effective. Note that the commonly used term "Alkalinity" in natural waters refers to the value of H 2 CO 3 * Alkalinity, defined as the proton accepting capacity of the solution with respect to H 2 CO 3 * as reference species. Furthermore, although higher CCPP values increase the driving force for CaCO 3 precipitation on the pipe's internal surface and thus increases the potential for the formation of a denser, more effective precipitate passivation layer, an upper CCPP limit should also be set to prevent build-up of excessive CaCO 3 scales on pipes, pumps, etc.
The use of CaCO 3 precipitation indices as a sole tool for assessing the chemical stability of drinking water has been often challenged (e.g., Singley, 1981 , Imran et al., 2005 . However, to date it is still the most widely used parameter, mainly because of its relative simplicity, and the fact that carbonate Alkalinity and dissolved calcium are invariably present in drinking waters and at concentrations that are considerably higher than any other protective solid that may precipitate on the pipe's wall.
The Problem of Chemical Stability of Mixed Water
When different water sources are blended in a distribution system, the chemical stability of the blend is significantly influenced by the individual buffering capacity of the original water streams.
The chemical stability of water, as determined by the sign of the CCPP value, depends on the relations between the parameters Alkalinity, Ca 2+ and pH. The Alkalinity and Ca 2+ concentrations (and also the Acidity value, as opposed to pH and CCPP) are "conservative" parameters in the sense that their concentrations in an inline blend can be determined by a simple weighted average. The pH value of the blend can be determined from the relationship between the blended Alkalinity and Acidity values. CCPP, in turn, is calculated from the knowledge of the Alkalinity, Ca 2+ and pH values in the blend.
Because of the nonlinear relationships between these parameters, when desalinated water with a relatively low buffering capacity and a relatively high pH is mixed with typical ground water that has a high Alkalinity (and a high buffering capacity) and a relatively low pH (around pH 7.0), certain blends might result in a negative CCPP value even if both original waters had a positive CCPP (Lahav and Birnhack, 2007) .
To overcome this problem the pH of the blend must be increased. This can theoretically be done by either elevating the pH of the ground water or by increasing the buffering capacity of the desalinated water (i.e., increase the Alkalinity value while maintaining the pH value around pH 8). Increase of ground water pH can be accomplished by either exposing the water, which is highly supersaturated with respect to CO 2(aq) , to the atmosphere, or by the addition of a strong base (e.g., NaOH).
These two latter options are complex and less attractive especially if the water distribution system is supplied by a number of low-capacity wells. It would thus appear that the most practical solution to this problem would be to increase the Alkalinity concentration (and thus the buffering capacity) of the desalinated water, while maintaining a positive CCPP value as part of the post-treatment process in the desalination plant. This option is adopted below in the suggested model.
Model Formulation
The model formulated herein is for the inclusion of chemical water stability considerations in optimizing the operation of water distribution systems. The objective is to minimize the cost of pumping and treating the water for an operational time horizon subject to required quantities, pressures, and chemical water stability constraints.
Objective Function
Energy cost:
( 1) where: E C = energy cost ($), N = number of time periods the operational time horizon is divided, M = number of pumping units, φ i = electricity tariff at the i-th time period ($/kW-hr), ∆t i = duration of the i-th time period (hr), q ij = flow delivered at the i-th time period by the j-th pumping unit (m 3 /hr), ∆Hp ij ሺq ij ሻ = head gain at the i-th time period by the j-th pumping unit (m), and the η ij ሺq ij ሻ = efficiency at the i-th time period of the j-th pumping unit (-).
Treatment cost:
( 2) where: T C = treatment cost ($), K = number of desalination plants, Alk k = required Alkalinity at the k-th desalination plant (mg/L as CaCO 3 ), λ k (Alk k ) = Alkalinity treatment cost ($/m 3 ) equal to 6 ൈ 10 ି4 Alk ୩ െ 9.6 ൈ 10 ି3 (e.g., a cost of 0.038 $/m 3 is required for receiving an Alkalinity concentration of 80 mg/L as CaCO 3 at a desalination plant outlet), and q ik = flow delivered at the i-th time period by the k-th desalination plant (m 3 /hr). The relationship for λ k (Alk k ) is empirical and is based on real data from the Ashkelon and Palmachim desalination plants in southern Israel (Lahav et al., 2009 ).
Constraints
Minimum head:
where: H ir = total head (m) at the i-th time period at the r-th system's node, H ir min = minimum total head (m) required at the i-th time period at the r-th system's node, and R = set of nodes on which minimum head requirements are imposed.
CCPP range:
( 4) where: CCPP is = carbonate precipitation potential (CCPP) (mg/L as CaCO 3 ) at the i-th time period at the s-th system's node, CCPP min , CCPP max = minimum and maximum CCPP bounds (mg/L as CaCO 3 ), respectively, and S = set of nodes on which CCPP and pH (see below) constraints are imposed.
Maximum pH:
( 5) where: pH is = pH at the i-th time period at the s-th system's node, and pH max = maximum pH value.
The rationale behind setting a maximum value for pH relates to its inverse effect on the efficiency of disinfection and regrowth of microorganisms within the distribution system (i.e., the lower the pH value is, the higher is the bacteriocide efficiency of both free chlorine and chloroamine species).
Tanks closure:
( 6) where: V = number of storage tanks, S V initial , S V final = the v-th tank initial and final volumes, respectively, and ε = a user selected tolerance number. Note that if ε = 0 and V = 1, the initial and final tank volumes (and thus the tank water levels) coincide. 2010 -WDSA2010, Tucson, AZ, USA, Sept. 12-15, 2010 
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Decision Variables
The model decision variables for each time period i are: the scheduling of the pumping units (binary) (i.e., which pumping unit is operating at each time period), and the Alkalinity level (real) required at each of the desalination treatment plants.
OBSERVATIONS
1. The physics of the system represented by Kirchoff's Laws No. 1 and 2 for continuity of mass and energy, respectively, along with the equations describing the transportation and reactions amongst the water quality chemical parameters are formally part of the model constraints. Those are not described explicitly above but are inherently incorporated within the solution framework which utilizes a genetic algorithm [optiGA, Salomons (2001) ] scheme linked with EPANET (USEPA, 2008) for simulating water quantity, pressure, and conservative water quality parameter distributions, and with STASOFT4 (Loewenthal et al., 1988 (Loewenthal et al., , 2004 for computing CCPP and pH values.
2. Eq. (6) is a mass balance closure constraint with respect to the system tanks storage (i.e., leaving the system at the end of the operation with the same amount of water as received). This same rational can also be drawn for water quality (i.e., returning at the end of the operation to the same water quality initial conditions). The latter was found to be extremely stringent for the solution methodology and was not incorporated. The model thus arrives at the end of the operation to a new feasible water quality distribution point which might differ from the initial state. This issue needs further consideration. Fig. 1 (Loewenthal et al., 1988 (Loewenthal et al., , 2004 ] for CCPP and pH computations.
Solution Scheme
For a given pumps schedule and Alkalinity levels at the desalinated water sources (Fig. 1) , EPANET computes the distribution of flow, pressure, and five assumed conservative parameters: total dissolved solids (TDS), Alkalinity, Temperature, Acidity, and Calcium. The latter are inputs to STASOFT4 for computing the distributions of CCPP and pH. Once the pressure distributions, CCPP, and pH values are known, optiGA computes the objective function value which is the sum of the electricity (Eq. 1) and treatment (Eq. 2) costs, penalizing linearly non-feasible solutions (i.e., solutions which are not within the domain of Eqs. 3 -6). This procedure repeats itself for the entire members of a GA population.
Further on selection is performed with the first parent been selected by its fitness order, the secondrandomly;
crossover: for the binary part (i.e., the pumps schedule) using two point's crossover, and for the real part (i.e., the Alkalinity levels) -using blending [i.e., offspring #1 = parent1 -b x (parent1 -parent2), offspring #2 = parent2 + b x (parent1 -parent2), where: b = a random number between 0 and 1];
mutation: for the binary part by randomly flipping one of the bits, and for the real part by randomly selecting and flipping one of the genes (i.e., a decision variable) with a random value within its corresponding feasible domain. In addition, the best string in each generation is moved unchanged to the next (i.e., Elitism property). The GA stops at the maximum number of generations or earlier if no cost improvement was attained at a predefined number of generations.
Example Application
The layout of an example application is shown in Fig. 2 . The system consists of a desalinated, a surface, and a ground water source, entitled DWS, SWS, and GWS, respectively; three elevated storage tanks (T1 -T3), 120 pipes, 94 nodes, and ten pumping units: P1 -P5, P6 -P8, and P9, P10, extracting water from the SWS, the DWS, and the GWS, respectively. The GWS is at an elevation of + 5 (m) and is connected to the system with a 1000 (m) pipe having a 457 (mm) diameter and a Hazen Williams roughness coefficient of 110. The "head -flow" curves for P1 -P10 are given in Fig. 2 . The efficiency of all pumping units is assumed to be a constant of 0.75. The rest data is as in EPANET Example 3 and Ostfeld and Salomons (2004), thus not repeated herein. Constraints are imposed at twenty consumer nodes (Fig.  2) for a minimum pressure head of 25 (m), a maximum pH of 8.5, and a CCPP range of zero to 10 (mg/L as CaCO 3 ). The water quality parameters of the sources and the initial water quality conditions at the network nodes are given in Table 1 . The system is subject to an extended period demand loading pattern of 24 hrs, and varying electricity tariffs as in Table 2 .
Base Run and Sensitivity Analysis
Figs. 3 -5 show the results of a base run (BR) and five sensitivity analyses (SA) runs. Fig. 3 and 4 present for the BR the pumping unit's operational schedule (Fig. 3 ) and the CCPP variation at selected system locations (Fig. 4) . Fig. 5 summarizes the runs outcome.
Base Run
The BR solution (Fig. 5) is a total cost of $2763 comprised of $1930 (70% of total cost) for electricity, and $833 (30%) for treatment. The required Alkalinity concentration at the DWS is 80 (mg/L as CaCO 3 ). Most of the water (43058 m 3 , 68% of the total supplied quantity) is withdrawn from the DWS; the remaining 32% are equally taken from the SWS and the GWS. The closest constraint values to pressure, pH and CCPP bounds are 25.15 (m) [node 15 (the highest elevated node out of the twenty locations on which constraints are imposed) at 04:00], 7.9 (node 259, 11:00), and zero (node 205, 24:00), respectively.
The CCPP value of zero at node 205 at 24:00 is binding (i.e., an inequality constraint receiving the value of one of its bounds). Binding constraints (or more generally proximity to constraint boundaries) are usually indications of good solutions as they reflect the model utilization of its resources just to the extent needed to accomplish its requirements. This is obviously a heuristic observation as optimality cannot be proven.
The model maximum number of generations, population size, and mutation probability, were 25, 100, and 0.02, respectively. The algorithm stopping criterion was the first occurring instance between five subsequent generations with no cost improvement and the maximum predefined number of generations. The model stopped at the BR at generation 24. Running time was 91.4 hr (i.e., 2400 objective function cost evaluations = 24 generations x 100 strings in each population) on a Lenovo PC Duo Core CPU P8400@2.26 GHz with 3GB of RAM. This high computational expense has been obtained for both the BR and the sensitivity analysis runs. It highlights the intensive computational effort required to receive a solution with this methodology. Fig. 3 shows the pumping unit's operational schedule. It can be seen from Fig. 3 that all pumping units were operated for at least 10 hrs (P7, 41% of the time) and at most 18 hrs (P10, 75% of the time). Fig. 4 describes the CCPP variation at selected system locations. Node 109 receives water only from the surface water source, thus after 5 hrs (once the SWS water reaches node 109) the CCPP value at node 109 is 2.4 (mg/L as CaCO 3 ) as that of the SWS. The same observation holds for node 217 which receives only GWS water with a CCPP of 8.7 (mg/L as CaCO 3 ). The other nodes (i.e., 205, 145, 203, and 271) show variations in CCPP concentrations as of mixture of different water qualities. In particular nodes 203 and 205 are approaching the lower bound of zero CCPP at different times during the operation. A CCPP value of zero is obtained at node 205 at 24:00.
Sensitivity Analysis
In sensitivity analysis 1 (SA1) (Fig. 5 ) the maximum number of generations was altered to 50, with 50 strings in each population. The objective of SA1 was to explore the influence of a different partition of the computational resources (i.e., a maximum of 2500 objective function evaluations in the BR = 25 generations x 100 strings in each population) on the obtained solution. This modification caused the solution to increase slightly to $2887 ($2763 at the BR). The binding zero CCPP value at node 205 remained, but moved to time 19:00 (24:00 at the BR). The model stopped at the maximum number of generations (i.e., after 2500 objective function evaluations.). In SA2 the mutation probability was modified to 0.04 (0.02 at the BR). This resulted in an increase in cost to $3022. The CCPP at node 205 at time 19:00 remained binding. In SA3 node 153, the highest elevated node in the network, was added to the set of 20 node locations on which constraints were imposed. This caused node 153 to become binding for pressure at time 23:00, and an increase in cost and Alkalinity at the DWS to $2944 and 87 (mg/L as CaCO 3 ) (80 in the BR), respectively. In SA4 the tank closure requirement (i.e., ε at Eq. 6) was tightened to 0.02 (0.05 at the BR). As a result the systems cost and Alkalinity concentration at the DWS increased to $2956, and 85 (mg/L as CaCO 3 ), respectively. The CCPP binding constraint remained at zero at node 205. In SA5 the number of nodes on which constraints were imposed was increased to 30 (20 at the BR). The nodes added (spatially evenly distributed on the network layout) were: 153, 115, 127, 219, 253, 123, 117, 213, 231, and 269 . This yielded a cost of $2932, an Alkalinity concentration at the DWS of 88 (mg/L as CaCO 3 ), a CCPP minimum value of 0.1 (mg/L as CaCO 3 ) at node 205 at time 10:00, and an increase to 142.8 hrs (91.4 hrs at the BR) of the computational time.
CONCLUSIONS
Desalinated water is providing an increasing portion of the total fresh water supply in a growing number of countries. The global desalination market is presently estimated at around 8 billion m 3 annually, and since global water consumption is predicted to double itself every 20 years, this number is expected to increase considerably in the next decade.
When desalinated water is mixed with surface/and or ground water the blend can become chemically unstable. Such a state can cause the phenomena of "red water", an increase of corrosion, and reduction of the efficiency of disinfection.
In this work a genetic algorithm framework for optimizing the operation of water distribution systems with chemical water stability constraints was developed and demonstrated on two example applications.
No study so far has addressed in an explicit hydraulic multiquality optimal operation model the problem of chemical water stability. This work suggested such a framework through extending Ostfeld et al. (2007) and Lahav et al. (2009) .
The trials on the example application have indicated that the model responded in an explainable manner to the modifications made, with, however, a high computational expense.
As a genetic algorithm is utilized there is no guarantee of the solution been optimal, not even locally. However, the proximity to constraint boundaries and engineering judgment (e.g., the variation of tank water levels) can serve as heuristic indicators of good solutions.
Further research is needed to reduce the computational intensity, to incorporate additional treatment methods (e.g., addition of a strong base at ground water sources), and objectives (e.g., reliability of the supplied water).
